Abstract. We present an optimization scheme for the focal plane of a multi-frequency CMB B-modes experiment with a fixed number of detectors and apply it to the specific case of LSPE experiment. Optimal focal planes are identified on the ground of different figures of merit defined in terms of the forecasted uncertainty σ r on the tensor-to-scalar ratio r and the expected map variance from foreground and instrumental noise residuals. We then perform a forecast analysis in order to assess the precision achievable in B-modes measurements.
Introduction
Detecting B-modes of polarization represents a challenge for the next generation of CMB experiments. The importance of such measurements regards the intimate connection between B-modes and the physics of primordial Universe. As matter of fact B-modes were originated from the stochastic background of gravitational waves expected from a wide class of inflationary models. The detection of B-modes at large angular scales, in addition to being the definitive confirmation of the inflation theory, offers the unique opportunity to probe energy scales as high as 3.3×10 16 r 1 4 GeV, out of the target of any particle accelerator (here and in the following r is the tensor-to-scalar ratio at the pivot scale k * = 0.05 Mpc −1 which parametrizes the amplitude of the primordial gravitational wave signature in the CMB polarization).
A reliable detection of B-modes is however a difficult task. In addition to being extremely tiny, their signal is buried in the diffuse galactic foregrounds, namely the polarized synchrotron and thermal dust emissions, requiring technologically advanced instruments, utmost sensitivity, unprecedent control of systematic effects, as well as a wide frequency coverage in order to disentangle or reduce foreground contaminations. The strongest constraints to date on the tensor-to-scalar ratio r are provided by the analisys in [1] yielding r < 0.07 at 95 % confidence level.
To further constrain the value of r or, hopefully, achieve the detection of B-modes, ground based or balloon-borne experiments are being performed or planned. The LSPE (Large Scale Polarization Explorer) mission, supported by the Italian Space Agency (ASI), is designed for this endeavor. It consists of two instruments composed by array of detectors: the Short Wavelength Instrument for the Polarization Explorer (SWIPE) and the STRatospheric Italian Polarimeter (STRIP), observing in different frequency ranges the same sky fraction (∼ 20 − 25%). SWIPE is a balloon-borne bolometric instrument which will operate during the Arctic night (at latitude around 78 degree and for around 15 days) at three frequency bands centered at 140, 220 and 240 GHz, with an angular resolution of about 1.5 degrees. STRIP is the ground-based, low frequency module of LSPE. It consists of an array of coherent polarimeters which will survey the sky from Teide observatory at Tenerife for 1-2 years in frequency bands centered at 43 and possibly 90 GHz, with an angular resolution of about 0.5 degrees. Further details on instruments characteristics and informations on LSPE experiment can be found in Table 4 and [2] [3] [4] [5] [6] [7] . In its latest proposed configuration, the focal plane of STRIP is composed by 49 detectors at 43 GHz, plus 4/6 detectors at 90 GHz mainly used as monitors of atmospheric emission, while SWIPE includes two focal planes each consisting of 3 frequency channels: 140, 220 and 240 GHz with 55, 56 and 52 detectors respectively, for a total of 163 × 2 = 326 detectors. At this time, due to instrument's geometry and some technological details, this solution is the favorite one, although there is still room for slight changes.
The aim of this note is the investigation of the optimal focal plane configurations of the LSPE experiment for primordial B-modes measurements. In the following we therefore consider deviations from the above configuration (also considering different combination of frequencies) in order to check whether the performance in constraining r can be improved. Our criteria to identify the optimal configurations will be the values of the forecasted uncertainty σ r on the tensor-to-scalar ratio r and/or the expected map variance from foreground and instrumental noise residuals. We will see that configurations yielding the lowest variance do not necessarily minimize the uncertainty on r. A similar but more sophisticated analysis was performed in [8] and applied to CMBpol and COrE satellite experiments while a detailed investigation of the capability of LSPE (also in combination with other CMB experiments) to constrain inflationary parameters will be performed in [9] .
Although specific for LSPE, our results could nevertheless be of interest for the design of similar experiments. In our analysis we did not consider several sources of systematics not so trivial to be taken into account, such as the non-circularity of the beam pattern or phase-angle uncertainty which can introduce a leakage into detected B-modes. Regarding STRIP we did not consider systematic effects coming from the atmospheric fluctuations or long term instabilities, in particular, as suggested in literature [10] [11] [12] , we neglect possible residual polarization of the atmospheric emission.
The plan of the paper is as follows: in Section 2 we describe the Fisher Matrix based method adopted to forecast the achievable precision on r while in Section 3 our approach to focal plane optimization and our findings are presented. Results are first given by considering only the high frequency instruments SWIPE and B-modes measurements. We then consider the combination SWIPE+STRIP and include the E-modes in the analysis. Effects of detector noise and frequency channel correlations on results are also discussed. Finally, Section 4 is devoted to conclusions. Appendices collect some material needed to implement our analysis: in Appendix A we describe the adopted method for estimating galactic foreground (and instrumental noise) residuals to be included in the Fisher Matrix forecasting analysis. Foregrounds are modeled according to recent findings of Planck collaboration and detailed in Appendix B while characteristics of LSPE instruments are summarized in Appendix C. The polarization angular power spectra covariance matrix entering the Fisher Matrix is given in Appendix D.
Fisher Matrix forecasts
In order to estimate the precision achievable on r we make use of the Fisher Matrix (FM) approach. Let C X l and R X l (X = E, B) denote the angular power spectra of CMB polarization and residual non-cosmic signal (foregrounds and instrumental noise) respectively. We then define the binned power spectra in multipole bands b of width ∆l:
where
The Fisher Matrix then reads:
Here σ P (p i ) denotes a possible Gaussian prior on the model parameter p i and the derivatives are evaluated at the fiducial model values. The covariance matrix of the binned power spectra, D b , is given in Appendix D. The inverse of FM then gives the covariance matrix C ij of the model parameters, the diagonal elements of which represent the lowest variance σ 2 (p i ) one can achieve on the parameter p i . The limited sky fraction observed by LSPE (f sky ≃ 0.2) places a limit on the minimum resolution ∆ l of the angular power spectra under which different multipoles become correlated. This is approximately given by ∆ l = π/Θ (Θ 2 being the survey area), thus, in our analysis we consider multipole bins of width ∆ l = 3. Since LSPE will measure polarization, the only relevant foregrounds included in the analysis are polarized dust and syncrothron emissions which we model according to the recent findings of the Planck collaboration (see Appendix B).
In order to perform our FM analysis we need to estimate the residuals R X l , arising after some foreground (and instrumental noise) cleaning procedure. To this aim, here, we adopt the method proposed by [13] and detailed in Appendix A.
As a base cosmological model we assume a flat ΛCDM cosmology with tensor perturbations described by the following seven parameters:
where Ω b are Ω c are the baryon and cold dark matter density parameters respectively, h is the dimensionless Hubble parameter, θ is the angle subtended by the sound horizon at recombination, τ is the optical depth to reionization, n s is the scalar spectral index, A s is the amplitute of scalar fluctuations at a pivot scale k * = 0.05 Mpc −1 and r is the tensor to scalar ratio. Fiducial values of the six standard cosmological parameters {Ω b h 2 , Ω c h 2 , θ, τ, n s , ln(10 10 A s )} are set to the best fit values estimated by Planck Collaboration 2015 [14] (Planck T T, EE, T E + lowP data) while we assume a fiducial r = 0.05 all through the paper with the exception of section 3.3 where the range 0.01 ≤ r ≤ 0.1 is considered. Since LSPE measurements will be limited to the first ∼ 140 multipoles of polarization spectra, strong constraints are expected only on r and τ . Therefore, when applying the FM approach all the cosmological parameters will be kept fixed to their fiducial values except for: i) r if only B-modes are included in the analysis, ii) r, τ and ln(10 10 A s ) (the latter being strongly correlated with τ ) if both E-and B-modes are included.
Moreover, amplitudes A X D(S) and spectral indices β D(S) of dust (D) and syncrothron (S) spectra will be included in the analysis as nuisance parameters and marginalized over. Foreground models and adopted priors are detailed in Appendix B while Appendix C describes the characterisics of LSPE instruments.
It is worth noticing that the simplified procedure here adopted does not address a number of issues. For partial sky experiments the number of modes of multipole l available for the analysis decreases with the sky coverage. As usual, to capture this effect we simply assume that the number of independent modes of a given multipole is approximately reduced by a 90+140+220 GHz factor of f sky , i.e. (2l + 1) → (2l + 1)f sky . This is taken into account in the definition of D b . However, in case of polarization, partial sky coverage causes a leakage of E-modes into B-modes (neglected in our analysis) which can alter the scaling with f sky [15] other than add complications to the detection of primordial gravitational waves. Another issue concerns the B-modes signal induced by weak lensing which is a limiting factor in measuring B-modes of primordial origin. We assume no removal of lensing contamination and treat it as a Gaussian noise for simplicity. However, lensing is not important at low multipoles if the tensor to scalar ratio is large or when the residual noise is larger than the lensing signal. For simplicity we also assume foregrounds to have a Gaussian probability distribution although, generally, they do not. We also neglect correlations among galactic dust and syncrothron recently measured by [16, 17] .
3 Focal plane optimization
High frequencies
In this Section we only consider the high frequency instrument (SWIPE) and B-modes measurements so that the set of parameters to vary in FM analysis is p = {r, A B S , A B D , β S , β D }. We assume each of the two (identical) focal planes to consist of 3 frequency channels (ν i , i = 1, 2, 3) each with n ν i detectors for a total of n tot = 163 detectors. Further, all the detectors are supposed to have the same size so that different combinations occupy the same area.
Next we consider all the configurations obtained by varing the n ν i 's such that n ν 1 + n ν 2 + n ν 3 = 163 and apply the cleaning procedure of Appendix A and the FM formalism to each of them. We then define the following Figures of Merit (FoM):
FoM 1 maximum signal to noise ratio r/σ r FoM 2 minimum variance, σ 2 tot , from residual foregrounds and detector noise FoM 3 minimum variance, σ 2 det , from residual detector noise FoM 4 minimum variance, σ 2 for , from residual foregrounds where:
is the binned angular power spectrum of residual foregrounds and detector noise, W l is the beam window function) and similar expressions hold for σ 2 for and σ 2 det . Finally, we select and compare the configurations that satisfy the above FoM's.
We start by considering all the combinations of 3 frequencies chosen among 90, 140, 220 and 240 GHz. Results are displayed in Figure 1 which shows: i) contour levels for r/σ r ≥ 1 in steps of 0.3, ii) configurations satisfying FoM 1, 2, 3 and 4 (black, orange, yellow and red dots repectively; orange, red and yellow curves surround the configurations for which the variances, σ 2 tot , σ 2 for and σ 2 det , deviate by no more than 5% from their minimum values). Table  1 summarizes the values of r/σ r , the variances and the number of detectors corresponding to the configurations in ii).
We first note that the combination 140 + 220 + 240 GHz provides the worst results. This is due to the absence of the frequency channel at 90 GHz for which foregrounds are minimal and the instrumental noise is low (see Table 4 ). Indeed, when present, the 90 GHz channel is assigned with the majority of detectors. We also observe that requiring the variance to be minimal does not guarantee the best precision on r, although in some cases differences are only marginal. This can be understood by inspection of Figure 2 where, for illustrative purpose, we consider the cases FoM 1 and FoM 2 for the combination 140 + 220 + 240 GHz. The left panel compares the spectra of residual non-cosmic signal, R B l , in the two cases. FoM 2 allows for a better foreground cleaning at low multipoles (l 10) wich results in a lower variance σ 2 tot . Nevertheless, the better precision σ r (≃ 1/ √ F rr for negligible correlations among r and foreground parameters) achievable in the case FoM 1, is to be ascribed to the (sligth) lower R B l at l 20 which makes the inverse covariance matrix D In the following we consider only the combination of frequencies having the best (worst) performance, namely 90 + 140 + 220 GHz (140 + 220 + 240 GHz). Although the 90+220+240 GHz combination performs similarly to 90 + 140 + 220 GHz, we prefer the latter since configurations satisfying our FoM's are quite close each other, all laying in the region with the higher r/σ r (see Fig. 1 ).
Reducing the detector noise
In this section we inspect the effect of reducing the instrumental noise. To this aim the sensitivities σ pix of each channel (see Table 4 ) are simultaneously reduced by a common factor q. Let us first consider the combination 140 + 220 + 240 GHz. Figure 3 illustrates how the configuration's features change when the detector noise is reduced by q = 0.5, 0.1, 0.05 while Figure 4 shows the values of r/σ r and σ 2
x (x = tot, det, for) obtained by the configurations satisfying our FoM's as a function of q in the range q = 0.01 − 1.
Focusing first on FoM 1 and Figure 4 , we can observe a discontinuity in the behavior of σ 2 x (black curves) to occur around q ≃ 0.055 which corresponds to a transition of the configuration FoM 1 from {n 140 , n 220 , n 220 } ≃ {67, 95, 1} to {37, 73, 53} (see Figure 3 , black dots). To understand this behavior, let us remember that most of the contributions to r/σ r arise from multipoles in the range l = 40−80 (see section 3.1 and Figure 2) where the detector noise starts to increase above the foreground level. Contributions to r/σ r are then suppressed by growing noise at larger l. Therefore, in order to maximize r/σ r , the optimization procedure tends to limit the instrumental noise effect omitting noisier channels, i.e. the 240 GHz channel. On the other hand, as the noise is made smaller, foregrounds become more and more relevant in the full range of multipoles considered so that they should be efficiently removed. To this aim, the 240 GHz channel is also required. Referring to Figure 3 , once the noise level decreases sufficiently, a new local maximum for r/σ r forms around {37, 73, 53} becoming absolute for q < 0.055. Something similar happens in the case of FoM 3. Around q ≃ 0.6 a transition occur from {88, 74, 1} to {72, 53, 38} causing discontinuities in r/σ r , σ 2 tot and σ 2 for (yellow It is however worth mentioning that in order to improve the detector's sensitivity, σ pix , a longer observation time, t obs , is required. According to σ pix ∝ 1/ √ t obs , already in the case q = 0.5 we should increase t obs by a factor of 4 which could be somewhat problematic given the technical constraints of the SWIPE payload. On the other hand, the noise reduction is also limited by the level of systematics.
Frequency channel correlations
As detailed in Appendix B and according to [13, 18] correlations among different frequency channels are taken into account by specifying the frequency coherence ξ j ≈ 1/ √ 2∆β j (j = S, D) which quantifies spectral variations of foregrounds across the sky, ∆β j being the dispersion of the foreground spectral index β j through the sky. Two extreme cases corresponding to no correlation and perfect correlation then arise in the limits ξ → 0 and ξ → ∞ respectively.
In this section we consider deviations from our fiducial value ∆β j = 0.2 which is consistent with findings by [16, 19, 20] . Results are summarized in Figure 7 for the combination 140 + 220 + 240 GHz (different combinations giving similar qualitative results). We note that configurations satisfying our FoM's are not substantially affected by the value of ∆β j (or ξ j ). Nevertheless, as expected, r/σ r (σ 2 x ) decreases (increases) as channels become less correlated (see right bottom panel of Figure 7 ).
High+Low frequencies
Let us now consider the high frequency combination 140 + 220 + 240 GHz and extend our analysis including the low frequency ground-based instrument (STRIP), observing at 43 and (possibly) at 90 GHz.
In its basic configuration the STRIP focal plane is supposed to consist of an array of 49 polarimeters at 43 GHz accomodated in 7 modules each including 7 detectors plus a smaller array of 6 polarimeters at 90 GHz mainly used as monitors of atmospheric emission.
Motivated by results of section 3.1 according to which the presence of a 90 GHz channel seems to substantially improve the signal to noise ratio r/σ r , we also consider the possibility to replace n modules at 43 GHz with an equal number of 90 GHz modules each accomodating 30 detectors (here we are supposing that the detector's dimensions simply scale as the wavelenght so that 30 detectors at 90 GHz with resolution θ F W HM = 15 ′ or 7 detectors at 43 GHz with resolution θ F W HM = 30 ′ occupy the same area). A generic focal plane, therefore, will consist of 7 − n modules at 43 GHz plus n modules at 90 GHz for a total of (7 − n) × 7 and n × 30 detectors respectively (plus the 6 detectors at 90 GHz with resolution θ F W HM = 30 ′ devoted to atmospheric emission). For n fixed, we then proceed as in section 3.1 to find the configurations satisfying our FoM's. The left panel of Figure 8 shows the sensitivities σ pix (rescaled to 1 • pixel) of 43 and 90 GHz low frequency channels as a function of n, the number of 90 GHz modules in the focal plane. For comparison the sensitivity of the 90 GHz channel of SWIPE combination 90 + 140 + 220 GHz (FoM 1, i.e. 125 detectors × 3 modes) is also shown. As clearly visible, this latter value is always far below the sensitivity of the STRIP 90 GHz channel meaning that, although the addition of low frequencies somewhat improve r/σ r , this is substantially lower than the value expected from SWIPE 90 + 140 + 220 GHz (FoM 1) (see right panel of Figure 8 ). Figure 9 then displays configurations which satisfy FoM 1-4 for n = 0, 1, 2, 3, 4, 5 (green dots). In the same Figure, contours enclose configurations for which r/σ r > 1 (top left panel) or σ 2 tot , σ 2 for and σ 2 det deviate by no more than 5% from their minimum values (top right, bottom right and bottom left panel respectively). Results expected from SWIPE only (red) are also shown for comparison. 
Including E-modes
In this section we investigate the effect of including E-modes in the analysis. Since Emodes should provide strong constraints on the optical depth τ , as explained in section 2, we extend the set of parameters to be explored in FM evaluations by adding τ and A s , namely p = {r, τ, ln(10 10 A s ), A B S , A B D , β S , β D }, and we assume A B S(D) = 0.34(0.56)A E S(D) according to [21] . Results are summarized in Figure 10 which shows the behavior of the signal to noise ratio r/σ r as a function of r in the following cases satisfying FoM 1:
• SWIPE, B-modes only • SWIPE, B-and E-modes • SWIPE+STRIP, B-and E-modes For SWIPE (STRIP) we consider both the combinations 90+220+240 GHz and 140+220+240 GHz (43 GHz only (n = 0) and 43 + 90 GHz (n = 5)).
As already observed in previous sections the presence of the 90 GHz high frequency channel substantially improves the precision with which r is measured. This is further enhanced by adding low frequency channels and improves as more 43 GHz modules are replaced by 90 GHz ones. The STRIP(43 + 90 GHz)+SWIPE(90 + 140 + 220 GHz) combination would then be able to measure r ≃ 0.06 at 3 − σ level and set upper limits if r 0.02. On the other hand, if replacing the SWIPE(90 + 140 + 220 GHz) with the SWIPE(140 + 220 + 240 GHz), a 3 − σ detection is only possible for r ≃ 0.1. Finally, in Table 2 we give the uncertainties on Table 2 . Uncertainties on τ and ln(10 10 A s ) for different cases considered in the text. Note that σ τ and σ ln(10 10 As ) do not depend on the value of r. τ and ln(10 10 A s ) which turn out to be competitive with the current ones, these latter being σ τ = 0.017 and σ ln(10 10 As) = 0.034 [14] .
Conclusions
In this work we have performed optimization and forecasting analisys for LSPE experiment aimed to CMB B-modes measurements. To this aim we have investigated various configurations of the focal plane obtained by considering different combinations of frequency channels and/or varing the number of detectors within each channel (keeping their total number fixed). Four Figures of Merit (FoM), based on the forecasted uncertainty σ r of the tensor-to-scalar ratio r and the expected map variance from foreground and instrumental noise residuals, were then defined in order to identify optimal focal planes (see Section 3.1). For the balloon-borne high frequency instrument SWIPE, we considered a combination of 3 frequencies, chosen among 90, 140, 220 and 240 GHz. On the other hand, the low frequency one, STRIP, was assumed to consist of 2 channels at 43 and 90 GHz.
We found that the presence of the high frequency 90 GHz channel substantially improve the precision on r (by a 40 − 60% depending on the details of the configurations). Nevertheless, given the impossibility to accomodate large size detectors into the focal plane and the aperture constraints for the SWIPE telescope, such 90 GHz detectors would not comply with the baseline requirement of maintaining a higher number of modes per detector, which was originally chosen for the focal plane design of SWIPE. Therefore, the 140+220+240 GHz high frequency combination turns out to be the preferred one. In this case, however, the configuration which provides the higher signal to noise r/σ r is quite different from the one yielding the lower variance from non-cosmic signal (see e.g. Table 1 and Figure 1 , FoM 1 compared to FoM 2 and 3) so that a possible compromise between the two should be considered.
Constraints on r are somewhat improved if high frequency measurements are comple- mented by 43 GHz low frequency ones and are further enhanced as more as 43 GHz detectors are replaced by 90 GHz (low frequency) ones. Effects of reducing the instrumental noise (e.g. by increasing the observation time) are also discussed in Section 3.1.1. We, however, advise the reader that, because of the issues and limitations (described at the end of Section 2) due to our simplified procedure, our findings should be considered as indicative of the need for more investigation to be performed through realistic simulations of the sky to which apply foreground separation/cleaning procedures.
Although only indicative, our results could however be of some interest for the design of LSPE-like experiments.
A Foreground removal
In order to perform our analisys and include the effect of foregrounds in the Fisher Matrix formalism, we follow the method described in [13] which permits to minimize the non-cosmic signal (instrumental noise and foreground contaminations) by taking a suitable linear combination of sky maps observed at different frequencies. For each focal plane configuration, the final result is two cleaned polarization maps (E-and B-modes) which are unbiased and have the smallest rms errors from instrumental noise and foregrounds combined. Here below, we briefly review the main results of the procedure while refer the reader to [13] for more technical details.
Let us suppose a multifrequency experiment measuring E and B and let n X ν be the number of frequency channels with which X = E, B is observed. The spherical harmonic coefficients observed at the frequency ν will then be:
where c X lm is the (frequency independent) CMB signal and r Xν lm = n Xν lm + j f Xν lm,j includes the instrumental noise n Xν lm and the possible contribution of j different foregrounds f Xν lm,j . In vector notation we can write: where a a a lm , c c c lm and r r r lm are vectors of length n ν = n E ν + n B ν , the entries of a a a X lm (r r r X lm ) are the n X ν measured harmonic coefficients a Xν lm (r Xν lm ) given by eq. (A.1) and the n ν × 2 scan matrix A A A is given by: Thus, since the CMB signal does not depend on the frequency, it is untouched regardless of the chosen W W W l , while this latter may be chosen to suppress the impact of the non-cosmic signal. The variance of the resulting maps is then minimized provided that the n ν × 2 weighting matrix W W W l has the form (see [13] ):
Eqs. (A.7) and (A.8) thus gives the spherical harmonic coefficients of the two cleaned maps. In particular, r lm gives the residual non-cosmic signal after the cleaning procedure. Its (2 × 2) covariance matrix:
provides the angular power spectra R X l = N X l + F X l of residual detector noise and foregrounds in the cleaned maps needed to implement the Fisher matrix approach of Sec. 2 (see eq. (2.2)).
B Foreground models
In order to implement our forecasting method, foreground angular power spectra should be properly modelled and, in this respect, we rely on recent measurements provided by the Planck Collaboration [16, 21, 22] .
Of all diffuse galactic foregrounds, dust (D) and synchroton (S) are the relevant ones for polarization measurements. Angular power spectra for j = D, S are modeled as:
Here, A X j is the overall amplitude and spectra have been factorized into a multipole dependence term Θ X lj , a frequency dependence term F ν j and a frequency correlation term R νν ′ j which, following [13, 18] , we assume to be modelled as: where the frequency coherence ξ j accounts for slight variations of the frequency dependence of foregrounds across the sky. It determines how many powers of e we can change the frequency before the correlation between the channels starts to break down. The two limits ξ → 0 and ξ → ∞ correspod to the two extreme cases of no correlation and perfect correlation respectively. Real foregrounds tipically have behaviours that are intermediate between these two. In [18] it is shown that for a spectrum ∝ f (ν)ν β (f (ν) being some arbitrary function)
Synchrotron A E S = 0.0031 µK Θ X lD = T D = 19.6 K Table 3 . Specifications of foreground model. Here g ν = (e x − 1) 2 /x 2 e x , where x = hν/kT CMB , accounts for the conversion from antenna to thermodynamic temperature.
we have ξ ≈ 1/ √ 2∆β where ∆β is the rms dispersion across the sky of the spectral index β. For simplicity we assume as fiducial value ∆β = 0.2 for both S and D according to the findings by [16, 19, 20] .
Specifications of foreground models are summarized in Table 3 . Galactic foregrounds amplitudes, A X D(S) , are the mean values evaluated by Planck [21] with 2 • FWHM apodization over an effective sky fraction f sky = 0.68. We assume these values to hold also in the region oberserved by LSPE. Finally, FM is evaluated by adopting the following Gaussian priors: which correspond to ≈ 1 − σ errors as reported by [16, 19, 21] .
C Instrumental noise
Assuming the instrumental noise is white and Gaussian, the noise angular power spectrum for X = E, B reads: N where σ pix and Ω pix = θ 2 F W HM are the pixel noise and area respectively, θ F W HM is the full width at half maximum beamsize and σ B = θ F W HM / √ 8 ln 2. These quantities depends on the features of the detectors and are summarized in Table 4 .
Note that, for simplicity, we have assumed the detectors to have Gaussian beam profiles that is not the case with the multimode detectors of SWIPE. Sensitivities in Table 4 where f sky is the observed sky fraction.
